ABSTRACT Bronze birch borer (Agrilus anxius Gory) is the key pest of birches (Betula spp.) in North America, several of which have been recommended for ornamental landscapes based on anecdotal reports of borer resistance that had not been conÞrmed experimentally. In a 20-yr common garden experiment initiated in 1979 in Ohio, North American birch species, including paper birch (Betula papyrifera Marshall), ÔWhitespireÕ gray birch (Betula populifolia Marshall), and river birch (Betula nigra L.), were much more resistant to bronze birch borer than species indigenous to Europe and Asia, including European white birch (Betula pendula Roth), downy birch (Betula pubescens Ehrh.), monarch birch (Betula maximowicziana Regel), and Szechuan white birch (Betula szechuanica Jansson). Within 8 yr of planting, every European white, downy, and Szechuan birch had been colonized and killed, although 100% of monarch birch had been colonized and 88% of these plants were killed after nine years. Conversely, 97% of river birch, 76% of paper birch, and 73% Whitespire gray birch were alive 20 yr after planting, and river birch showed no evidence of colonization. This pattern is consistent with biogeographic theory of plant defense: North American birch species that share a coevolutionary history with bronze birch borer were much more resistant than naṏve hosts endemic to Europe and Asia, possibly by virtue of evolution of targeted defenses. This information suggests that if bronze birch borer were introduced to Europe or Asia, it could threaten its hosts there on a continental scale. This study also exposed limitations of anecdotal observation as evidence of host plant resistance.
The attractive bark of birch (Betula) species makes them highly valued as ornamental trees (Weaver 1978 , Dirr 1981 . Bronze birch borer (Agrilus anxius Gory) (Coleoptera: Buprestidae), a wood-boring beetle endemic to North America, is the most important insect pest of birch in forests and ornamental landscapes (Slingerland 1906 , Barter 1957 , Ball and Simmons 1980 , with stressed trees thought to be most susceptible (Anderson 1944 , Santamour 1990a , Jones et al. 1993 . Upon eclosion from eggs laid on outer bark of the trunk and larger branches, larvae feed on phloem and outer xylem, which can girdle the tree and result in dieback and death (Anderson 1944 , Barter 1957 . Saplings with trunks as small as 2.5 cm are colonized (D. A. Herms, unpublished data) . Historically, the range of bronze birch borer overlapped with the natural distribution of its North American hosts including paper birch (Betula papyrifera Marshall), sweet birch (Betula lenta L.), and yellow birch (Betula alleghaniensis Britton) across Canada, Alaska, and the northern continental United States (Fisher 1929, Barter and Brown 1949) . However, planting of birch species as ornamentals beyond their natural range has facilitated southward range expansion of bronze birch borer (Johnson et al. 2001) .
Native and exotic birch species have been recommended for planting as ornamentals in North America based on their esthetic qualities and environmental tolerance (Kozel and Smith 1976 , Cheng et al. 1997 , Gu et al. 2007a ). However, these recommendations generally were made without regard for bronze birch borer resistance (Cheng et al. 1997 , Gu et al. 2007b , or with inaccurate characterization of resistance characteristics (Kozel and Smith 1976) . Historically, European white birch (Betula pendula Roth) was the most commonly cultivated white birch because it was considered to grow rapidly and develop white bark at a young age (Santamour 1982 , Schilling 1984 . As it became apparent that European white birch was highly susceptible to bronze birch borer (Ball and Simmons 1980) , a search for borer-resistant whitebarked birch species was initiated (Dirr 1981 , Santamour 1999 . Species of birch endemic to Asia, including monarch birch (Betula maximowicziana Regel) and Szechuan white birch (Betula szechuanica Jansson), were touted as resistant based on anecdotal observation and recommended for planting in North American landscapes Smith 1976, Dirr 1981) .
There is some experimental evidence for interspeciÞc variation in birch resistance to bronze birch borer. In a common garden plantation in Michigan, paper birch was more resistant than European white birch (Miller et al. 1991) . However, broader characterizations regarding variation in resistance among birch species are uncertain because of conßicting reports confounded by variation in age, environmental factors, and pest pressure. For example, both gray birch (Betula populifolia Marshall) and monarch birch have been described variously as resistant and susceptible (Kozel and Toth 1975 , Santamour and Clausen 1979 , Santamour 1982 . Anecdotal observations suggest that river birch (Betula nigra L.), a species indigenous to the southern United States that does not have white bark, is not a host of bronze birch borer (Dirr 1981) .
Taxonomic confusion also has contributed to uncertainty regarding the status of resistance of birch species to bronze birch borer (Santamour 1999) . The widely planted ÔWhitespireÕ birch was characterized as resistant to bronze birch borer upon its introduction to the nursery industry (Hasselkus 1984) . It was initially classiÞed as Betula platyphylla variety japonica (Miq.) (Hasselkus 1984, Santamour and McArdle 1989) , which is endemic to Japan. However, based on chemotaxonomic and other evidence Lundgren 1996, 1997) , it was subsequently shown to be a cultivar of gray birch, which is native to North America. Paper birch also has been misidentiÞed as monarch birch, despite substantial morphological variation in their bark and foliage (Dirr 1981) .
The status of bronze birch borer as a lethal pest of birch led geneticists to specify resistance to this woodboring insect as the "single major selection criterion for landscape use" of birch species in North America (Santamour and McArdle 1989) . Therefore, the objective of this study was to characterize interspeciÞc variation in resistance of selected North American, European, and Asian birch species to bronze birch borer over 20 yr in a common garden planting in northern Ohio.
Materials and Methods
In April 1979, a common garden plantation was established on the campus of the Ohio Agricultural Research and Development Center in Wooster, OH (N 40Њ 47Ј 04"; W 81Њ 54Ј 48") that contained seven birch species including paper birch, Whitespire gray birch and river birch, which are endemic to North America; downy birch (Betula pubescens Ehrh.) and European white birch, which are endemic to Eurasia; and Szechuan white birch and monarch birch, which are endemic to eastern Asia. Two-year-old seedlings (30 Ð 60 cm tall) of all species were obtained from Evergreen Nursery, Inc., Sturgeon Bay, WI. The study site was slightly elevated and soils consisted of silt loam with good fertility and moderate drainage. Weed control was maintained throughout the study with herbicides and mowing, as needed.
This study was designed as a randomized complete block consisting of eight blocks of Þve rows. Rows were spaced 2.4 m apart with trees within rows 1.8 m apart. Each row contained the seven Betula species, the location of which was assigned randomly. Five individuals of each species were planted contiguously as a subplot within the row. Downy birch and European white birch were interplanted within the same subplot. Therefore, the garden contained 200 individuals of each species except for European white birch and downy birch, for which 100 individuals were present. Remaining European white and downy birch trees were planted around the perimeter of the plantation as border rows. Mean stem diameter of each species is reported for 1980, 1982, 1984, 1986, 1988, and 1990 (Table 1) . Measurements were made at 50 cm above ground in 1980 and 1982, and 1.4 m above ground in all subsequent years. In the spring of 1981 and 1982, the common garden was inoculated with bronze birch borer by placing infested logs (collected throughout Ohio) upright on the ground at regular intervals throughout the plantation.
Cumulative tree mortality, percentage of trees colonized by bronze birch borer larvae, and percentage of trees with bronze birch borer adult emergence holes are reported for 1983, 1984, 1986, 1988, and 1990 . Tree mortality was evaluated again in 1998. The entire tree was inspected for evidence of larval colonization as indicated by presence of swollen serpentine bark ridges on trunk and branches caused by formation of wound periderm over galleries in response to larval feeding (Miller et al. 1991) . D-shaped adult emergence holes in the lower 2 m of the trunk were counted and circled with a wax pencil to differentiate them from future emergence holes. The number of new holes per tree each year was analyzed by one-way analysis of variance (ANOVA) by using SAS 8 (SAS Institute 1999). The 40 subplots for each species constituted the unit of replication for ANOVA (df ϭ seven for block, six for species, and 26 for error; with df for species reduced to two in 1990 because of complete Ðindicates that all individuals were dead, or there were too few for mean estimation. mortality of four species). Visual inspection of residuals revealed that the data were not normally distributed, and they were transformed as log(x ϩ 1) before analyses. All F-tests were signiÞcant at P Ͻ 0.0001, indicating at least one birch species differed from the others in the number of exit holes per tree. Hence, Fisher least signiÞcant difference (LSD) (P Ͻ 0.05) was used to detect differences among the seven birch species in number of emergence holes per tree, and these differences are reported in Fig. 4 . River birch was excluded from these analyses because no exit holes were observed in any year.
Results
By the spring of 1987, 8 yr after planting, every European white birch, downy birch, and Szechuan white birch tree was dead (including all border trees) (Fig. 1) . Mortality of monarch birch was 88% after nine years and 100% after 20 yr (Fig. 1) . The North American species had much higher survivorship with 97% of river birch, 75% of paper birch, and 73% of Whitespire gray birch trees still alive in 1998 (Fig. 1) . Most mortality of paper birch and Whitespire gray birch followed a severe drought in 1988.
This pattern of birch mortality corresponded closely with cumulative bronze birch borer colonization, which began in 1982, 3 yr after planting. Asian and European species were colonized by bronze birch borer at a faster rate and to a greater degree than North American species (Fig. 2) . By 1983, 99% of Szechuan and 97% of European white birch had been colonized by bronze birch borer larvae. Downy and monarch birch lagged slightly, with 90 and 72% of trees colonized by larvae, respectively, by 1984 (Fig. 2) . By 1988, every individual of the four European and Asian species had been colonized. Although North American species were colonized by bronze birch borer more slowly, 83% of paper birch and 93% of gray birch trees were colonized by 1986, and 100% had been colonized to some degree by 1990 (Fig. 2) . There was no evidence that bronze birch borer colonized any river birch trees. There was also no apparent relationship between tree size or growth rate and pattern of bronze birch borer colonization (Table 1) .
Presence of bronze birch borer adult emergence holes on trunks of infested trees, an indicator of successful larval development, also closely corresponded to the pattern of birch mortality, with Asian and European species having a higher cumulative percentage of trees with emergence holes than North American species (Fig. 3) . Emergence holes were Þrst evident in 1983, 1 yr after Þrst larval colonization and 4 yr after seedlings were planted. By 1988, every Szechuan white, European white, and downy birch tree had emergence holes, as did 98% of monarch birch trees (Fig. 3) .
Bronze birch borer emergence holes were rare or nonexistent in North American birch species until 1986, at which time the percentage of trees with emergence holes was far lower than for the four European and Asian species (Fig. 3) . A higher percentage of Whitespire gray birch trees had emergence holes than paper birch by 1986 (35 versus 10%, respectively), and by the of end of the study, bronze birch borer adults had successfully emerged from 48 and 24% of Whitespire gray birch and paper birch trees, respectively (Fig. 3) . No emergence holes were observed in river birch over the course of the study.
Szechuan white birch had more bronze birch borer emergence holes per tree than European white birch in 1984 after Þve years, and both species had more emergence holes per tree than downy birch by 1986 (Fig. 4) . In 1984 and 1986, all three of these species had more new adult emergence holes per tree than monarch birch, Whitespire gray birch, and paper birch (Fig. 4) . In 1984, Whitespire gray birch and paper birch had fewer emergence holes per tree than monarch birch (Fig. 4) . By 1986, however, Whitespire gray birch had more new emergence holes per tree than monarch birch and paper birch, which did not differ. Whitespire gray birch continued to have more new emergence holes than paper birch in 1988 and 1990 (Fig. 4) . By 1988, there were too few surviving monarch trees to make valid statistical comparisons of cumulative number of exit holes with the North American species.
Discussion
The 20-yr common garden study revealed extensive interspeciÞc variation in birch resistance to bronze birch borer, as indicated by variation in tree mortality, larval colonization, and adult emergence. The three North American birch species exhibited much higher resistance to bronze birch borer than did the four European and Asian species. Eight years after planting, all individuals of Szechuan white birch, European white birch, downy birch, and the majority of monarch birch were dead. In contrast to the complete mortality of the four European and Asian species after 20 yr, the three North American species had much higher rates of survival, with 97% of river birch, 75% of paper birch, and 73% of Whitespire gray birch trees still alive. Most paper birch and gray birch mortality occurred in the years just after a severe drought in 1988. The high survival of paper birch and Whitespire gray birch in the face of intense pest pressure is noteworthy given the lack of irrigation and other maintenance practices at a study site located substantially south of their natural distribution. The very low amount of river birch mortality occurred between 1990 and 1998, perhaps caused by competitive thinning in response to canopy closure, as there was no evidence of bronze birch borer colonization at any point during the study, which is consistent with previous suggestions that it may be immune to infestation Toth 1975, Dirr 1981) .
Patterns of tree mortality corresponded closely to patterns of bronze birch borer larval colonization and adult emergence, which strongly implicates bronze birch borer as the causal agent of mortality. After Þve years, most monarch birch, Szechuan white birch, European white birch, and downy birch had been colonized by larvae. After nine years, at least 96% of individuals of all four species had emergence holes. Although monarch birch had high degree of larval infestation, it had substantially fewer emergence holes per tree than European white, downy, and Szechuan white birch, which indicates larval that mortality was high, possibly because of intraspeciÞc competition.
North American paper birch and gray birch were colonized more slowly than European and Asian species, and a much smaller percentage of trees accumulated emergence holes. Although 100% of Whitespire gray birch and paper birch were colonized by larvae at some point, adults successfully emerged from only 48% and 24% of the individuals, respectively, over the course of the study. Two conclusions can be drawn from these observations: 1) many larvae died before they could emerge as adults, and 2) the vast majority of trees survived despite being colonized by larvae, indicating that they can tolerate at least some colonization. This pattern is consistent with that reported by Miller et al. 1991 , who documented a higher correlation between larval colonization and adult emergence holes in European white birch than in paper birch.
A clear pattern emerged from this study that is consistent with biogeographic theory of plant defense (Bryant et al. 1994) : the North American birch species that share a coevolutionary history with bronze birch borer were much more resistant than the European and Asian species, perhaps by virtue of targeted phloem defenses selected for by bronze birch borer. This Þnding contributes to a growing list of cases in which tree species and populations that share a coevolutionary history with a key herbivore have been shown experimentally to be more resistant than naṏve hosts that have not interacted with the herbivore over evolutionary time (Bryant et al. 1994 , Mendel 1998 , Gandhi and Herms 2010 , Raupp et al. 2010 . Although not a universal pattern, it does include some of the most devastating biological invasions of North American forests, including emerald ash borer (Agrilus planipennis Fairmaire) (Rebek et al. 2008) , hemlock woolly adelgid (Adelges tsugae Annand) (Havill et al. 2006) , as well as the recent colonization of northern British Columbia by mountain pine beetle (Dendroctonus ponderosae Hopkins) where it has become a "native invasive" species (Cudmore et al. 2010 ), all of which are causing wide-spread tree mortality as they proliferate in "defense free space" (Gandhi and Herms 2010) .
The biogeographical pattern of resistance of birch to bronze birch borer observed in this study represents a parallel example to that documented by Rebek et al. (2008) for the congeneric emerald ash borer, which is indigenous to east Asia and recently introduced to North America (Haack et al. 2002 , Cappaert et al. 2005 . In a common garden experiment, Manchurian ash (Fraxinus mandshurica Rupr.), which shares a coevolutionary history with emerald ash borer in Asia (Liu et al. 2003) , was found to be much more resistant than the naṏve North American green (Fraxinus pennsylvanica Marshall) and white ash (Fraxinus americana L.) (Rebek et al. 2008) . Similarly, the high susceptibility of European and Asian birch species to bronze birch borer suggests that inadvertent introduction of this beetle to Europe or Asia could threaten its naṏve hosts there on a continental scale.
Findings from this study can inform recommendations regarding birch species appropriate for planting in ornamental landscapes. For example, among whitebarked North American species, gray birch has been considered more borer resistant but less esthetically desirable than paper birch (Weaver 1978 , Dirr 1981 , Santamour 1982 . In this study, however, paper birch not only exhibited superior horticultural traits, including whiter bark, faster growth (Table 1) , and more uniform architecture (D. A. Herms, unpublished data), but also was more resistant to bronze birch borer than Whitespire gray birch, as evidenced by higher survival and fewer emergence holes, making paper birch a superior choice for ornamental landscapes.
Results of this study have important implications for programs to breed or select birch species with resistance to bronze birch borer. The absence of rhododendrol, a putative bronze birch borer oviposition stimulant present in the inner bark of some birch species, has been suggested to be associated with resistance to bronze birch borer (Santamour 1990b , Santamour and Lundgren 1997 , Santamour 1999 . This hypothesis emerged from observations that river birch and monarch birch, which were both considered to be resistant, did not contain this compound, although susceptible species did. However, we found monarch birch to be susceptible to bronze birch borer, which suggests that the absence of rhododendrol is not a reliable indicator of bronze birch borer resistance. This study also exposes the weakness of previous claims of bronze birch borer resistance in Asian species based on anecdotal evidence, and emphasizes the need for rigorous, experimental evaluation of ornamental plants before they are categorized as pest resistant. Comparisons should include conÞrmed susceptible genotypes to serve as positive controls that provide a standard frame of reference against which to evaluate resistance (Herms 2002) .
